Heme-protein Modified Electrodes for Highly Selective and Sensitive Detection of H[2]O[2] from Apple Juice by El-Safty, S.A. et al.
PROCEEDINGS OF THE INTERNATIONAL CONFERENCE  
NANOMATERIALS: APPLICATIONS AND PROPERTIES 
Vol. 4 No 2, 02NABM05(8pp) (2015) 
 
 
2304-1862/2015/4(2)02NABM05(8) 02NABM05-1  2015 Sumy State University 
Heme-protein Modified Electrodes for Highly Selective and  
Sensitive Detection of H2O2 from Apple Juice 
 
Naeem Akhtar1,2, Sherif A. El-Safty1,2,*, Mamdouh E. Abdelsalam3 
 
1 National Institute for Materials Science (NIMS), 1-2-1 Sengen, Tsukuba-shi, Ibaraki-ken 305-0047, Japan 
2 Graduate School of Advanced Science and Engineering, Waseda University,  
3-4-1 Okubo, Shinjuku-Ku, Tokyo,169-8555, Japan 
3 Malmesbury, SN16 0RP, United Kingdom 
 
(Received 01 June; published online 29 August 2015) 
 
The development of an accurate, sensitive, and selective hydrogen peroxide (H2O2) diagnostic device 
with a low detection limit is important in the fields of biology and medicine. Numerous approaches have 
been reported for electrochemical detection of H2O2. These approaches exhibit good stability and selectivity 
with a low detection limit, but involve a complicated fabrication process. We designed and fabricated three 
enzyme-free H2O2 biosensors by coating a three-dimensional open-pore nickel foam (3D-Ni foam) electrode 
with heme proteins, namely, (hemoglobin (Hb), myoglobin (Mb), and cytochrome c (Cyt.c)). The heme pro-
tein-modified Ni foam can be directly used as electrodes, thereby simplifying the electrode fabrication pro-
cess and offering advantages, such as enhanced electrode–electrolyte contact area and minimum diffusion 
resistance. Heme proteins can function as a redox mediator for shuttling electrons on the electrode–
electrolyte interface and for engaging sufficient electro-active species exposed on the surface of the Ni foam 
for the Faradaic redox reaction. The immobilization of the heme proteins onto the 3D Ni foam was ana-
lyzed using scanning electron microscopy, UV-visible spectroscopy, contact angle, and Raman spectroscopy. 
The heme proteins maintained their biological functions and effective electronic connection and affected 
the interfacial properties of the Ni foam after immobilization. The electrochemical effects of the Ni foam 
electrodes modified with similar concentrations of different heme proteins (Hb, Mb, and Cyt.c) in the selec-
tive oxidation of H2O2 were investigated and compared. Hence, these electrodes can be applied in the anal-
ysis of real samples, such as apple juice. 
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1. INTRODUCTION 
 
The development of support materials for the effi-
cient adsorption of proteins on a solid surface is im-
portant for fabricating biosensors and bioreactors [1]. 
Biosensors with biological recognition components, 
such as organisms or biological materials, are essential 
tools for detecting and monitoring the parameters in-
volved in physiological or biochemical processes. Bio-
sensors for biomedical applications can be coupled to a 
physico-chemical transducer that converts the recogni-
tion into a detectable output signal and can provide a 
comprehensive review of the established, cutting-edge, 
and future trends in biomedical sensors and their ap-
plications [2]. The proteins/enzymes immobilized on a 
solid support can rapidly terminate the reaction 
through removal of the immobilized proteins from the 
reaction solution, thereby significantly lowering the 
cost because the product is not contaminated with the 
protein [3]. In addition, the matrix should allow easy 
access of substrates in solution to the immobilized pro-
teins to promote the catalytic reaction. Porous materi-
als with two- and three-dimensional (2D and 3D, re-
spectively) architectures have received an enormous 
amount of attention because of their high surface area 
and tunable and uniform pore size; these materials are 
considered versatile hosts for numerous guest mole-
cules, such as proteins, drugs, and small biological 
molecules [4–7]. A previous study showed that elec-
trodes modified with conductive porous layers can 
change the mass transport regime from “linear diffu-
sion” to an approximately “thin layer” characteristic. 
This modification can optimize the potential at which 
target species undergo redox processes; hence, the re-
sulting electrodes facilitate the differentiation between 
the species that can be oxidized or reduced at similar 
potentials under planar diffusion conditions [8, 9]. 
A three-dimensional porous nickel (3D Ni) foam 
substrate has received enormous interest over the re-
cent years because of its extraordinary electrical prop-
erties, excellent mechanical strength, inertness, rela-
tively low toxicity, ease of production scale-up, low cost, 
and high corrosion stability in aqueous alkaline media 
[10]. In addition, the open-pore architecture of the 3D 
Ni foam contains an interpenetrating network of elec-
trons and ion pathways that allows efficient kinetics of 
ion and electron transport in the electrodes and at the 
electrode–electrolyte interface [11]. Therefore, the 3D 
Ni foam is an ideal electrode architecture for highly 
sensitive detection of biomolecules, such as glucose and 
H2O2. The electrode surface should be engineered with 
a large amount of electroactive sites and high transport 
rates for electrolyte ions and electrons, which partici-
pate in the Faradic redox reactions, to maximize the 
electrochemical performance [12]. A large specific sur-
face area of the electroactive materials is required to 
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accommodate a large amount of superficial electroac-
tive species that will participate in the Faradaic redox 
reactions. Moreover, the high transport rates entail 
fast diffusion of the electrolyte ions and fast conduction 
of electrons to the electroactive sites. This structure 
can be achieved by developing porosity in an electroac-
tive material with a large surface area, high electrical 
conductivity, and fast ion transport [13]. The safe im-
mobilization of heme proteins on the surface of the Ni-
foam working electrode can enhance the surface active 
sites of the porous Ni foam [14]. Heme proteins are 
distinctively characterized by their stability over a 
wide pH range and their significant function as a bio-
logical electron-transport chain [15] with peroxidase-
like activity [16] in a biosensor design. 
Initiation and progression of many diseases are in-
directly linked to several oxidative stress-related states 
[17]. Hydrogen peroxide (H2O2) is a reactive oxygen 
metabolic byproduct of several processes involving oxi-
dases, such as glucose oxidase, cholesterol oxidase, glu-
tamate oxidase, urate oxidase, lactate oxidase, alcohol 
oxidase, d-amino acid oxidase, lysine oxidase, and oxa-
late oxidase [18]. Therefore, many analytical tech-
niques (visible absorption spectrometry, spectrofluo-
rometry, chemiluminescence, and electrochemical 
analysis) have been used to detect H2O2 [19–22]. Elec-
trochemical technique is a convenient method for H2O2 
detection because of its fast response time and satisfac-
tory sensitivity and selectivity [23]. 
The development of non-enzymatic H2O2 electro-
chemical sensors was the focus of previous research 
because these sensors do not have the limitations (high 
cost and low thermal stability) of enzyme-based sensors 
[24]. Several modified electrodes based on Prussian 
blue, platinum, helical carbon nanotubes, and different 
transition metal oxides have been efficiently used to 
develop non-enzymatic H2O2 sensors [25–28]. However, 
most of these electrodes suffer from low stability, poor 
reusability, and complicated preparation process [29]. 
Therefore, a simple design for a highly sensitive and 
selective H2O2 electrochemical sensor must be devel-
oped to detect ultra-low concentrations of H2O2 in real 
samples with high flexibility. 
We previously fabricated a highly selective non-
enzymatic amperometric sensor based on Cyt.c- and 
Hb-modified porous Ni-foam electrodes for H2O2 detec-
tion [30, 31]. In the present work, the differences in the 
signaling and stability of electrochemical H2O2 sensors 
were compared. The sensors were fabricated using 
three different heme proteins (Hb, Mb, and Cyt.c) to 
modify the 3D open-pore Ni foam-based electrodes. We 
further investigated the effects of the different bio-
functionalities of these heme proteins on the interfacial 
properties of the immobilized substrate, thereby en-
hancing the exposed electroactive species for the Fa-
radic redox reaction. Our findings revealed that the Ni 
foam electrodes modified with non-enzymatic heme 
proteins exhibited a wide working range, excellent se-
lectivity, high sensitivity, and low detection limits. 
These interesting features of the Ni-foam electrodes 
modified with heme proteins suggested new prospects 
for the future development of a low cost and highly 
sensitive electrochemical sensor for H2O2.  
 
2. EXPERIMENTAL SECTION 
 
2.1 Materials and reagents 
 
All chemicals were of analytical grade and were 
used without further purification. Hb, Mb, Cyt.c, uric 
acid (UA), H2O2 aqueous solution (30% v/v), hydrochlo-
ric acid (HCl), potassium ferricyanide (K3Fe(CN)6), and 
phosphate buffer saline were purchased from Sigma–
Aldrich Company, Ltd., USA. Sodium hydroxide 
(NaOH) and L(+)-ascorbic acid (AA) were obtained from 
Wako Company, Ltd., Osaka, Japan. The commercial 
3D porous Ni foam was purchased from Nilaco Corpo-
ration Tokyo, Japan. A pack of apple juice was obtained 
from a local supermarket (Tsukuba, Japan). The apple 
juice (pH 3.0) contained sucrose, citrate, malic acid, 
essence, caramel, apple juice concentrate, and water. 
 
2.2 Fabrication of the Ni-foam electrodes modi-
fied with heme proteins  
 
Heme protein-modified electrodes were fabricated by 
immobilizing the heme proteins onto the Ni-foam elec-
trode. First, the Ni foam was carefully cleaned with a 
concentrated HCl solution (2 M) in an ultrasound bath 
for 5 min to remove the NiO layer on the surface. De-
ionized water and absolute ethanol were used for 5 min 
each to ensure that the Ni foam surface was completely 
clean. In the second step, we immobilized a specific 
amount (100 µM) of the heme proteins onto the surface 
of the Ni foam electrode. In the third step, we dried the 
resulting Ni-foam electrode modified with heme proteins 
at 60 °C overnight prior to electrochemical analysis.  
 
2.3 Instrumentation  
 
A Zennium/ZAHNER-Elektrik instrument controlled 
by Thales Z 2.0 software was used for electrochemical 
measurements at room temperature. A conventional 
three-electrode system consisting of a heme protein-
modified Ni foam/Ni foam (1 mm × 1 cm × 2 cm) working 
electrode, a platinum wire counter electrode, and Ag/AgCl 
(3 M NaCl) reference electrode was used for analysis.  
 
2.4 Material characterization 
 
The morphology and chemical composition of the Ni 
foam and heme protein-modified Ni foam were investi-
gated with TM-3000 equipped with an energy-
dispersive X-ray micro analyzer (EDX) at an accelerat-
ing applied potential of 15 keV. The Ni foam substrates 
were fixed on the SEM stage by using carbon tapes, 
after which the substrates were inserted into the 
chamber. The Pt films were deposited on the substrates 
at room temperature through ion sputtering (Hitachi 
E-1030). The distance between the target and the sub-
strate was 5.0 cm. The sputtering deposition system 
consisted of a stainless steel chamber evacuated to 8 × 
10−5 Pa with a turbo-molecular pump and backed up by 
a rotary pump. The Pt target (8 nm diameter, purity 
99.95%) was sputter cleaned in pure Ar before sputter-
ing deposition. The Ar working pressure (2.8 × 10−1 Pa), 
power supply (100 W), and deposition rate were main-
tained constant throughout the investigation.  
The absorbance spectra of the bare Ni foam and the 
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Ni-foam electrodes modified with heme proteins were de-
termined with a UV-Vis-NIR spectrophotometer (Shimad-
zu 3700). The immobilization of heme proteins onto the Ni 
foam was confirmed using Raman spectroscopy with Ra-
man Horiba (XploRA™ PLUS, France). Raman spectra 
were recorded using an Ar-ion laser emitting light at 533 
nm wavelength. A camera detection system containing a 
charge-coupled device and an analyzing software package 
(LabSpec_3.01C) was used for data acquisition. Ten scans 
of 5 s each from 400 cm−1 to 1,700 cm−1 were recorded, and 
the average was obtained. 
Static water contact angles (WCAs) on the surfaces 
of the bare Ni foam and Ni-foam electrodes modified 
with heme proteins were measured at room tempera-
ture with a contact angle analysis equipment (VCA 
Optima, AST Products, Inc., USA) through the sessile 
drop method with 100 µL of water droplet. WCA values 
were recorded after 3 s from droplet deposition. 
 
2.5 Real sample analyses 
 
Real sample analysis was performed using commer-
cially available apple juice. Standard titration method 
(KMnO4) was used to confirm whether the apple juice 
contained endogenous H2O2 prior to the determination. 
A standard concentration of H2O2 was injected into the 
test solution to determine the concentration of H2O2 in 
the apple juice sample. The mixed sample was ana-
lyzed using the Ni-foam electrode modified with heme 
proteins. Response current was recorded when the 
steady state was reached. The difference between the 
baseline and the steady state current was used to cal-
culate the H2O2 concentration. 
 
3. RESULTS AND DISCUSSION 
 
3.1 Structural features of the Ni-foam elec-
trodes modified with heme proteins 
 
The successful immobilization of heme proteins onto 
the 3D Ni foam may not only reduce the diffusion re-
sistance of the electrolyte, but also enhance the ion 
transmission performance because of the increased 
number of surface active sites, as shown in the SEM 
profile, UV-Vis absorbance spectrum, Raman spectros-
copy, and WCA analyses. The structures of the Ni foam 
and Ni-foam substrates modified with heme proteins 
were analyzed using SEM. Fig. 1 shows the typical 
SEM micrographs of the Ni foam before and after modi-
fication with heme proteins. The Ni foam exhibited a 
3D cross-linked structure with a pore size of few 100 
µm  (Fig. 1A). The high-magnification SEM image re-
vealed the compact structure of the interconnected 
grain-like vertebrae with narrow grain boundaries (Fig. 
1B). The 3D porous structure of the Ni foam provided 
high accessibility and rapid transport of electrons and 
ions. The modification of the porous 3D Ni foam with 
hemeproteins (Fig. 1C) resulted in the formation of a 
film on the surface of the foam because of the high 
binding interactions between the Ni-based material 
and the heme proteins [10]. The high-magnification 
SEM micrographs of the hemeprotein modified Ni foam 
(Figs. 1D) revealed the covered and uncovered surface of 
the Ni foam electrodes. The EDX mapping distribution 
of the heme-protein (Mb) film on the Ni foam are shown 
in Fig. 2 (a–d). EDX map showed a 3D porous network 
consisting of Ni, C, Fe, and O atoms (O not shown). The 
Ni atoms were uniformly distributed on the entire sur-
face area of the Ni foam. C, O, and Fe atoms were the 
components of the heme protein (Mb). This elemental 
ratio of the heme protein-modified Ni foam indicated 
that the Ni foam was in pure metallic form. 
 
 
 
Fig. 1 – Fe-SEM images of the bare Ni foam, (A & B) and 
Heme-protein modified Ni foam electrode (C & D).  
 
The immobilization of the heme protein moieties 
onto the porous surfaces of the Ni foam was determined 
using spectroscopic UV-Vis and Raman techniques. The 
UV-Vis spectra (Fig. 3A) showed the functionalized 
heme protein onto the Ni foam during the fabrication of 
the 3D porous heme protein-modified Ni-foam elec-
trode. The presence of Soret absorption bands at 
around 409 cm−1 for Mb and Cyt.c and 405 cm−1 for Hb 
was attributed to the impregnation of the porphyrin 
chromophore of the heme proteins onto the Ni foam, as 
demonstrated by the free heme protein absorption 
bands in the solution [32]. 
 
 
 
Fig. 2 – SEM–EDX mapping of the Mb film in the Ni Foam 
electrode: (a) SEM image and the distribution of nickel (b), 
carbon (c) and iron (d). 
 
The Raman spectrum of the Hb/Ni foam (Fig. 3B-c) 
was characterized by the presence of an intense band 
near 1,382 cm−1, which was a marker for the symmetric 
stretching vibrations of Fe3+ of Hb and for the liganded 
ferro forms (a six-coordinated heme). This finding is in 
good agreement with the results of previous reports 
[33, 34]. The other prominent Raman bands at around 
1,000 cm−1 could be correlated with the phenyl mode of 
the aromatic amino acid residues. The Raman spec-
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trum of the Hb/Ni foam was characterized by three 
prominent Hb bands at 1,375, 1,586, and 1,650 cm−1, 
which were the “markers of the hemic group packed in 
the polypeptidic chain” and were assigned to the “in 
plane vibrations of the porphyrine ring” [35, 36]. In 
addition, the dominant Raman bands located at 1,572, 
1,586, and 1,615 cm−1 were assigned to the C=C and 
C=N symmetric stretching vibration modes. The bands 
located at 674 and 784 cm−1 are related to the porphy-
rine bending vibrations out of the plane.  
The Raman spectrum of the Mb/Ni foam (Fig. 3B-b) 
was consistent with those reported in literature [37]. 
The bands at 1,370, 1,480, and 1,551 cm−1 were charac-
teristics of a ferric six-coordinated high-spin heme spe-
cies. The bands at 1,542, 1,585, and 1,622 cm−1 repre-
sented the vinyl stretching. In addition, the bending 
modes of the vinyl and propionate groups were ob-
served at 407 and 458 cm−1, respectively.  
The Raman spectrum of the Cyt.c/Ni foam (Fig. 3B-a) 
showed characteristic peaks at 271 and 347 cm−1, which 
could be attributed to the metal-N (pyrrole) stretching 
and pyrrole substituent bending coordinates, respective-
ly. In addition, the Raman peak at 692 cm–1 represented 
the stretching vibration corresponding to the pyrrole 
ring. However, the two peaks at 750 and 1,634 cm−1 could 
be assigned to the pyrrole breathing mode stretching 
vibration in the C–H and amide I band of the protein, 
respectively [38, 39] . Moreover, the two peaks at 1,120 
and 1,231 cm−1 were assigned to the C–H bending mode.  
 
 
 
Fig. 3 – (A) UV-Vis absorption spectra of the (a) bare Ni foam, 
(b) Cyt.c/Ni foam, (c) Mb/Ni foam, and (d) Hb/Ni foam. (B) 
Raman spectra of the (a) Cyt.c/Ni foam, (b) Mb/Ni foam, and 
(c) Hb/Ni foam. 
 
3.2 Electrochemical behavior of the Ni-foam 
electrodes modified with heme proteins 
 
We first examined the surface of the bare Ni foam and 
Ni foam-electrodes modified with heme proteins through 
cyclic voltammetry in a buffer solution (pH = 7.0) contain-
ing 5 mM (Fe(CN)6)3
/4 within the potential range of 0.0 V 
to 1.0 V (vs. Ag|AgCl) and at a scan rate of 100 mV/s (Fig. 
4A). The magnitude of the current is higher for the heme 
protein-modified Ni foam electrode than that for the bare 
Ni foam. This finding is due to the enhanced ion trans-
mission performance at the electrode-electrolyte interface, 
thereby engaging a sufficient number of electro-active 
species exposed at the electrode-electrolyte interface for 
the Faradaic redox reaction. However, the Mb- and Hb-
modified Ni-foam electrodes exhibited lower current re-
sponse than the Cyt.c modified Ni-foam electrode. The 
reduced electrochemical signal could be attributed to the 
decreased mass transport of the ferricyanide ions caused 
by the molecular recognition process [40].  
We subsequently measured the electron-transfer rate 
through the cyclic voltammetry (CV) responses (Fig. 4B) 
of the bare Ni foam, Hb/Ni foam, Mb/Ni foam, and 
Cyt.c/Ni foam electrodes in 0.1 M NaOH solution at a 
scan rate of 100 mV/s. The CV curves of all electrodes 
showed asymmetrical redox peaks. The peak-to-peak 
separation values (ΔEp) of the bare Ni foam, Hb/Ni foam, 
Mb/Ni foam, and Cyt.c/Ni foam were 0.21, 0.17, 0.17, and 
0.16 V, respectively. The small ΔEp values of the Ni foam 
modified with heme proteins indicated a faster electron-
transfer rate and increased reversibility compared with 
the sensing system of the bare Ni foam [Scheme 1]. 
 
 
 
Scheme 1 – A schematic illustration of heme proteins as elec-
tron shuttles between the Ni foam and electrolytes. 
 
 
 
Fig. 4 – Typical CV patterns of the (a) bare Ni foam, (b) Hb/Ni 
foam, (c) Mb/Ni foam, and (d) Cyt.c/Ni foam in (A) a buffer 
solution (pH = 7.0) containing 5 mM (Fe(CN)6)3
−/4, (B) 0.1 M 
NaOH solution, and (C) 0.1 M NaOH solution containing 1 
mM H2O2 at a scan rate of 100 mV/s.  
 
To explore the effect of the formation type of redox 
species on the electrode surface, we examined the CV re-
sponse of the bare Ni foam and heme protein-modified Ni 
foam electrodes in alkaline solution containing 1 mM 
H2O2 at a scan rate of 100 mV/s (Fig. 4C). The anodic oxi-
dation of the Ni foam was related to the Ni/Ni(OH)2 and 
Ni(OH)2/NiOOH redox reactions in our working electrode, 
as presented in a previous study [41]. Our findings reveal 
that the weak anodic peak at 0.45 V and the strong anodic 
peak at 0.81 V (vs. Ag|AgCl) corresponded to the oxida-
tion of Ni to Ni(OH)2 and to that of Ni(OH)2 to NiOOH 
species, respectively. In the cathodic sweep-based process, 
the strong peak at 0.51 V was due to the reduction of 
NiOOH to Ni(OH)2 [42]. Ni(OH)2 could exist in two crys-
tallographic forms, namely, the hydrous α-Ni(OH)2 and 
the anhydrous β-Ni(OH)2 [43]. Therefore, the strong anod-
ic (0.81 V) and cathodic peaks (0.51 V) could be related to 
the formation of the Ni(OH)2/NiOOH redox couple. In 
turn, because of the instability of α-Ni(OH)2 phase and the 
transformation tendency to change to β-phase in alkali 
solution (i.e., 0.1 M NaOH), the weak anodic peak cen-
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tered at 0.45 V could be due to the conversion of hydrous 
α-Ni(OH)2 to anhydrous β-Ni(OH)2 [44]. The Ni-foam elec-
trodes modified with heme proteins exhibited a higher 
current response than that of the bare Ni-foam electrode, 
thereby indicating that heme proteins enhanced surface 
activation and electron transfer. The surface activation of 
heme proteins was attributed to the stable heme cofactor 
over a wide pH range [15]. The heme group comprised a 
ring of conjugated double bonds that surround the iron 
atom. The 3D structure of heme proteins showed that the 
hydrophobic amino acid cluster was embedded inside the 
molecule, whereas the hydrophilic residues were posi-
tioned on the molecular surfaces. This configuration in-
creased the hydrophilicity of the electrode surface and 
increased the number of active sites compared with the 
Ni-foam sensing system [45]. 
 
3.3 Functionality of the Ni-foam electrodes 
modified with heme proteins 
 
Interfacial properties of the Ni-foam electrodes 
modified with heme proteins. 
The interfacial properties (surface energy and wetta-
bility) of the different Ni-foam electrodes modified with 
heme proteins were characterized through contact-angle 
measurements and subsequently compared with those of 
the bare Ni foam. The water contact angle (Fig. 5) of the 
bare Ni foam, Hb/Ni foam, Mb/Ni foam, and Cyt.c/Ni 
foam were 120.45°, 109.45°, 100.05°, and 87.8°, respec-
tively. In addition, the surface energies of the bare Ni 
foam and the Ni foams modified with heme proteins 
were calculated using Girifalco–Good–Fowkes–Young 
equation [Eq. (1)] [46]. Table 1 shows that the surface 
energy and surface tension of the bare Ni foam increased 
after modification with heme proteins. 
 
 γsv  γlv (1 + cosθ)2/4 (1) 
 
where γsv and γlv are the interfacial surface energies of 
the solid–vapor and liquid–vapor interfaces, respective-
ly. A surface energy of 72.5 mJ m−2 for deionized water 
was used for γlv, whereas the measured value of the con-
tact angle (θ) was used for γsv [47]. These results 
 
 
 
Fig. 5 – Optical images of a water droplet on the surface of the 
(A) bare Ni foam, (B) Hb/Ni foam, (C) Mb/Ni foam, and (D) 
Cyt.c/Ni foam. 
 
clearly demonstrated that heme proteins could enhance 
the hydrophilicity of the Ni foam surface. The increased 
hydrophilicity of the Ni-foam electrodes modified with 
heme proteins could enhance the mass-transfer rate at 
the interface. 
 
Table 1 – Contact angle, surface energy and surface tension of 
the bare Ni foam and heme-protein (Hb, Mb, Cyt.c) modified 
Ni foam. 
 
 
Sensor 
Linearity 
 (µM) 
LOD 
(µM) 
Sensitivity 
( μA mM1 cm
-2
) 
Time response 
(s) 
Ni foam 50450 2.25 0.01 5 
Hb/Ni foam 50850 0.80 0.13 3 
Mb/Ni foam 50850 0.73 0.16 3 
Cyt.c/Ni foam 50950 0.20 0.39 3  
 
Effective diffusivity in the porous Ni-foam elec-
trodes modified with heme proteins  
The diffusion coefficients of H2O2 in the Ni-foam 
sensors modified with heme proteins and the bare Ni 
foam were calculated via chronoamperometry (Fig. 6). 
Chronoamperograms were obtained at 1 mM H2O2 (Fig. 
6A). Cottrell equation [Eq. (2)] was used to calculate 
the diffusion coefficient [48]. Fig. 6B reveals that It and 
t1/2 exhibit a linear behavior for 1 mM H2O2. 
 
 It  nFAD1/2c − 1/2t − ½, (2) 
 
where It(A) is the current in the presence of 1 mM 
H2O2, F is the Faraday constant (96,485 C/mol), A is 
the geometric surface area of the electrode (1 cm2), D is 
the diffusion coefficient (cm2/s), c is the analyte concen-
tration (0.001 mol/cm3), and t is the elapsed time (s). 
The Cyt.c/Ni foam electrode presented a higher diffu-
sion coefficient (4.93 × 10−6 cm2/s) than the Mb/Ni foam 
(2.12 × 10−6 cm2/s), Hb/Ni foam (1.33 × 10−6 cm2/s), and 
bare Ni foam (0.72 × 10−6 cm2/s) electrodes. Among all 
heme proteins, Cyt.c not only efficiently reduced the 
diffusion resistance of the electrolyte, but also effective-
ly functioned as a mediator, thereby confirming the 
findings of Bunea et al. [49].  
 
 
 
Fig. 6 – (A) Chronoamperograms obtained from the (a) bare 
Ni foam, (b) Hb/Ni foam, (c) Mb/Ni foam, and (d) Cyt.c/Ni foam 
in the presence of 1 mM H2O2 in 0.1 M NaOH solution. (B) 
Relationship between current and time−1/2 derived from the 
chronoamperogram data.  
 
3.3.1 Sensitivity of the Ni-foam sensor modified with 
heme proteins 
 
To compare the sensing applicability of the heme 
protein-modified Ni foam electrodes with that of the 
bare Ni foam, we performed amperometric measure-
ments to detect H2O2 concentration. Fig. 7A shows the 
typical amperometric responses of the bare Ni foam 
and heme protein-modified electrodes from the addition 
of 50 μM H2O2 in 0.1 M NaOH solution under constant 
stirring at a fixed potential of 0.45 V (vs. Ag|AgCl).  
The Ni-foam electrodes modified with heme pro-
teins exhibited a higher current value than the bare 
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Ni-foam electrode. The enhanced current value of the 
Ni-foam electrodes modified with heme proteins could 
be attributed to the following: 
 the exposition of more surface active sites on the 
surface of the 3D-porous Ni-foam electrode; 
 increased wettability and surface energy of the 3D 
porous Ni foam; 
 heme proteins did not impede the diffusion of hy-
droxide ions into the 3D porous network. 
Among all Ni-foam electrodes modified with heme 
proteins, Cyt.c exhibited high and stable steady-state 
current response that could be due to its intrinsic elec-
tron transport bio-functionality [50].   
A linear plot of the current density against the con-
centration of H2O2 was depicted in Fig. 7B. The Ni-
foam electrode demonstrated a linear region from 50 
µM to 450 µM with a sensitivity of 0.01 μA mM1 cm−2. 
The Hb- and Mb-modified Ni-foam electrodes showed a 
linear range within 50 µM to 850 µM and 50 µM to 850 
µM, respectively. Their sensitivities were 0.13 and 
0.16 μA mM1 cm-2, respectively. However, the Cyt.c-
modified Ni-foam electrode showed a linear behavior 
from 50 µM to 950 µM, and the corresponding sensitivi-
ty was 0.39 μA mM1 cm−2. The synergistically en-
hanced electrochemical property of the Ni-foam elec-
trodes modified with heme proteins was further deter-
mined at low H2O2 concentration to investigate the 
actual applicability. The amperometric response (Fig. 
7C) of the electrodes to successive addition of 0.5 µM 
H2O2 was tested at a potential of 0.45 V (vs. Ag/AgCl). 
The calibration graphs for the heme-protein modified 
electrodes are shown in Fig. 7D. Moreover, the Cyt.c-
modified Ni-foam electrode exhibited an improved level 
of performance in terms of detection limit, stability, 
and sensitivity compared with the bare Ni foam and 
the Hb- and Mb-modified Ni-foam electrodes (Table 2). 
These results demonstrated that the Cyt.c-modified Ni-
foam electrode showed higher applicability than the 
Hb- and Mb-modified Ni-foam electrodes.  
 
 
 
Fig. 7. – (A) Amperometric responses of the (a) bare Ni foam, 
(b) Hb/Ni foam, (c) Mb/Ni foam, and (d) Cyt.c/Ni foam to suc-
cessive addition of 5 × 10−5 M H2O2 to 0.1 M NaOH solution at 
0.45 V (vs. Ag|AgCl). (B) Standard calibration graph derived 
from the current–time plot. (C) Amperometric response of the 
(a) bare Ni foam, (b) Hb/Ni foam, (c) Mb/Ni foam, and (d) 
Cyt.c/Ni foam to successive addition of low concentration (5 × 
10−7 M) H2O2 to 0.1 M NaOH solution at 0.45 V (vs. Ag|AgCl). 
(D) Standard calibration graph derived from the amperomet-
ric current–time plot at low H2O2 concentration.  
 
Table 2 - Comparison of bare Ni foam and heme-protein (Hb, 
Mb and Cyt.c) modified Ni foam electrodes performance in 
terms of limit of detection, stability and sensitivity.  
 
 
Sensor 
Contact angle 
(deg) 
Surface energy 
(mJm
-2
) 
Surface tension 
(N/m) 
Ni foam 120.45 4.40 14.40 
Hb/Ni foam 109.45 8.06 19.71 
Mb/Ni foam 100.05 12.35 24.87 
Cyt.c/Ni foam 87.80 19.50 32.75  
 
3.3.2 Selectivity of the Ni-foam electrodes modified 
with heme proteins 
 
A sensor should have excellent selectivity because 
some compounds, such as DA, UA, Cyct, and AA, can 
interfere with signals and influence the test results. 
Heme proteins have become the focus of research in 
sensor and biosensor fields because of their satisfactory 
inhibitory function in addressing major interfering 
compounds, including DA, UA, Cyct, and AA [51]. 
Among the electrodes modified with heme proteins, the 
Cyt.c/Ni foam electrode was selected as the functional 
electrode to determine selectivity. Fig. 8A reveals the 
amperometric response of the Cyt.c/Ni foam sensor at 
an applied potential of 0.45 V in 0.1 M NaOH. About 5 
× 10−4 M DA, 5 × 10−4 M UA, 5 × 10−4 M Cyst, 5 × 10−4 M 
AA, and 0.3 × 10−4 M H2O2 were added following the 
consecutive addition of 0.25 × 10−4 M H2O2. All poten-
tial interferences (DA, UA, Cyst, and AA) resulted in a 
nearly negligible amperometric response. Fig. 8 (B) 
shows that addition of H2O2 was linearly related to the 
presence of the interfering substances. These results 
showed the high selectivity of the Cyt.c/Ni foam sensor 
to H2O2. The higher selectivity of the Cyt.c/Ni foam 
sensor to H2O2 may be due to the following reasons:  
The enhanced surface energy and surface tension of 
the Ni foam modified with heme proteins increased 
hydrophilicity, and the number of exposed active sites 
on the surface of the electrode also resulted in high 
sensitivity toward H2O2.  
The strong binding efficiency (Eads = 211.45 kcal 
mol−1) of the porous Ni foam with heme proteins [52] en-
hanced the redox process of the modified Ni-foam sensor.  
The higher diffusion of hydroxide ions and faster 
kinetic sensing toward H2O2 compared with the inter-
ferences resulted in high selectivity. This conclusion is 
in accordance with our previous results [53].  
 
 
 
Fig. 8 – (A) Amperometric selective signal of the heme-protein 
(Cyt.c)/Ni foam electrode with successive addition of 0.25 × 
10−4 M H2O2, 5 × 10
−4 M DA, 5 × 10−4 M UA, 5 × 10−4 M L.Cyst., 
5 × 10−4 M AA and 0.25 × 10−4 M H2O2 at 0.45 V (vs. Ag|AgCl) 
in 0.1 M NaOH solution. (B) The standard calibration graph 
derived from the current–time plot of H2O2 addition.  
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3.3.3 Real applicability of the Ni-foam electrode 
modified with heme proteins 
 
Apple juice was selected as a complex matrix to con-
firm the performance of the developed sensor in practical 
applications because H2O2 is an important byproduct of 
plant and fruit juices [54]. The utilization of the pro-
posed sensor for H2O2 measurement was analyzed using 
commercially available apple juice with a known concen-
tration of H2O2. The apple juice sample was centrifuged 
at 40,000 rpm for 30 min, and the supernatant was used 
for amperometric analysis. Constant concentrations of 
H2O2 were introduced into apple juice, and the mixed 
samples were analyzed using standard titration and 
 
 
 
Fig. 9 – Standard calibration graph derived from the am-
perometric current–time plot of the Hb-, Mb-, and Cyt.c-
modified electrodes to successive addition of 0.5 × 10−4 M H2O2 
to commercially available apple juice and 0.1 M NaOH solu-
tion with 1:1 ratio at 0.45 V (vs. Ag|AgCl). 
 
 
amperometric methods. The fruit sample was diluted to 
1:1 with 0.1 M NaOH before analysis. Fig. 9 illustrates 
the typical amperometric current density response 
through the addition of 0.5 × 10−4 M H2O2 at an applied 
potential of 0.45 V in 0.1 M NaOH electrolyte. The 
small difference in the current response between the 
experimental and real samples was attributed to the 
dilution with a factor of 50%. 
 
4. CONCLUSION 
 
A worldwide demand is growing for a method that 
can accurately, rapidly, and selectively reorganize bio-
molecules, such as glucose and H2O2. In this study, 
non-enzymatic sensors were developed for a wide con-
centration range of H2O2 by immobilizing heme pro-
teins while maintaining their biological activity onto 
the porous 3D Ni foam. The electrocatalytic effect of the 
Ni-foam electrode on H2O2 was achieved before and 
after modification with 100 μM heme proteins. Heme 
proteins mediated the electron transfer of the Ni-foam 
electrode by providing a high number of surface active 
sites, increasing hydrophilicity, and diffusing hydrox-
ide ions for the electrooxidation of H2O2. The developed 
sensors showed remarkable sensitivity, selectivity, and 
linear range toward the quantification of H2O2. The 
facile, low cost, and time-saving method proposed in 
this study can contribute to the design and develop-
ment of highly sensitive and selective electrochemical 
biosensors for long-term H2O2 in vivo measurements. 
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